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STATEMENT  OF  THE  PROBLEM  STUDIED 


The  research  conducted  in  this  program  primarily  concerned  identification  of 
materials  that  would  serve  in  scalable  real  time  3D  displays.  Such  materials  would  have 
to  experience  two  photon  absorption  of  two  different  wavelength  near  infrared  beams  of 
light  only  at  the  intersection  of  the  two  beams.  Upon  such  excitation  the  material  would 
have  to  emit  visible  light.  Our  focus  on  scalable  materials  led  us  to  study  organic  dyes 
dissolved  in  polymeric  hosts. 

Additional  research  evolved  out  of  the  effort  above  in  which  we  studied  2D 
displays  based  on  up-conversion  of  near  infrared  light  in  rare  earth  doped  crystalline 
particles  dispersed  in  a  polymeric  host.  This  involved  fluoride  and  orthophosphate 
crystals  doped  with  Yb3+  ions  as  donor  ions  and  Er3+,  Ho3+  or  Tm3+  as  acceptor  ions. 

Some  research  was  carried  out  to  explore  unique  modulation  and  scanning 
schemes  based  on  liquid  crystal  devices. 
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SUMMARY  OF  THE  MOST  IMPORTANT  RESULTS 


We  have  researched  materials  and  modulators  necessary  for  making  true  3D 
displays.  This  required  exploring  the  use  of  dye  doped  polymers  as  scalable  media  in 
which  visible  light  can  be  excited  by  simultaneous  absorption  of  two  infrared  beams  only 
in  the  volume  of  their  intersection.  This  process  has  been  demonstrated  and  very 
important  features  of  a  3D  display  investigated  in  our  current  research.  We  have  studied 
the  two  photon  excitation  spectrum  of  dyes  in  solution  and  found  that  it  is  unlike  the 
single  photon  excitation  spectrum.  In  addition,  the  visible  light  generated  was  found  to 
depend  on  the  relative  polarization  of  the  two  exciting  beams.  Understanding  such 
features  enables  us  to  maximize  the  choices  of  wavelengths  and  polarizations  that  will 
excite  the  strongest  visible  emission. 

We  have  shown  that  the  strength  of  emission  in  the  volume  element  where  the 
two  beams  overlap  is  very  strongly  dependent  on  the  distribution  of  light  in  each  beam. 
Besides  enabling  optimization  of  3D  displays  this  knowledge  has  enabled  us  to  explain 
how  data  storage  systems  employing  two  different  wavelength  two  photon  processes  can 
be  made  with  much  improved  storage  density. 

A  small  side  effort  grew  out  of  our  3D  display  work  into  a  very  important  additional 
aspect  of  this  program.  We  had  several  samples  of  crystals  doped  with  both  Yb3+  and 
another  rare  earth  ion.  We  knew  that  by  pumping  with  near  infrared  light  into  the  Yb3+ 
system  of  these  crystals,  energy  would  be  transferred  to  the  other  rare  earth  ion  that  then 
emitted  visible  light.  Having  shown  strong  red,  green  and  blue  emitters  using, 
respectively,  Er3+,  Er3+  or  Ho3+,  and  Tm3+  ions  as  the  co-dopant  we  reported  on  the 
concept  of  using  crystallites  of  such  materials  dispersed  in  a  polymeric  host  as  an 
optically  written  2D  display.  Such  a  display  would  employ  a  diode  laser  beam  for 
excitation  eliminating  the  use  of  electron  beams,  high  voltage,  and  vacuum  containers 
associated  with  cathode  ray  tube  displays.  The  optically  written  2D  display  would  also 
be  much  lighter  and,  with  proper  optics,  smaller  that  a  comparable  CRT. 

Our  work  on  modulators  for  3D  displays  led  to  the  development  of  a  new  scanner 
design  technology  called  “  Multiplexed  Optical  Scanner  Technology”  or  MOST.  The 
polarization  multiplexed  optical  scanner  or  P-MOS  has  been  patented.  1  The  theoretical 
foundations  of  the  wavelength  multiplexed  optical  scanner  (W-MOS)  were  published. 
Initial  experimental  work  has  successfully  demonstrated  the  W-MOS  with  a  15  degree 
angular  one  dimensional  scan  with  145  scan  spots,  1.875  cm  scan  aperture,  and  a  one 
nanosecond  potential  scanning  speed. 

During  the  period  of  this  research  we  received  DURIP  support  for  the  dual 
parametric  oscillator  system  required.  The  system  has  been  received  and  is  in  use. 
Together  with  the  computer  controlled  spectroscopic  and  dynamic  properties  monitoring 
equipment  we  employ  this  system  has  made  our  work  much  more  effective  than  ever. 
The  results  obtained  for  dye  excitation  spectra  and  the  polarization  dependence  of  the 
excitation  were  obtained  with  this  system.  We  also  use  this  system  for  dynamics  studies 
in  the  rare  earth  doped  crystals. 
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Materials  for  True  3  D  Displays: 

This  aspect  of  our  research  program  was  designed  to  understand  the  process  of 
exciting  visible  emission  through  the  absorption  of  two  different  wavelengths  of  light  by 
a  material.  If  neither  beam  of  light  could  excite  such  emission  by  itself  but  the  two 
together  would  then  this  process  would  allow  volumetrically  selective  excitation  in  the 
region  where  the  two  beams  intersected.  We  call  this  two  photon  absorption  (induced) 
emission  or  TP  A/E.  The  emitting  volume  would  be  the  volume  element  (voxel)  in  a  true 
3  D  display.  The  concept  is  sketched  in  Fig.  1.  Prior  to  our  work  such  a  process  had 
been  reported  in  materials  that  could  not  be  scaled  up  in  size  to  enable  reasonable  3  D 
displays. 3  We  concentrated  on  materials  that  could  be  scaled  up  in  size  either  through 
their  own  low  cost  or  by  dispersing  emitting  particulates  in  an  inexpensive  passive  host 
medium.  The  first  type  of  material,  one  that  can  be  reasonably  scaled  up  to  practical 
sized  displays,  is  exemplified  by  the  dye  doped  plastics  that  we  reported  previously.  4 
Fig.  2  is  an  intensity  profile  in  false  color  obtained  with  a  laser  beam  analyzer  of  a  voxel 
in  10“'  M  coumarin  7  in  ethanol.  This  voxel  was  excited  by  simultaneous  absorption  of 
two  photons,  one  at  750  nm  and  the  other  at  1040  nm.  In  this  example  the  short 
wavelength  beam  is  able  to  very  weakly  excite  visible  emission  through  two  photon 
absorption.  This  appears  as  the  faint  vertical  blue  line  in  the  image.  Where  the  two 
pump  beams  intersect  and  excite  visible  emission  the  intensity  is  10  to  12  times  higher. 


Figure  1.  Schematic  of  3D  display  employing  TP  A/E. 
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Figure  2.  A  false  color  image  showing  the  intensity  contours  of  visible  light  emitted  from 
a  voxel  upon  TP  A/E  by  two  intersecting  beams  of  near  infrared  light  (750  and  1040  nm) 

in  10" 3  M  coumarin  7  in  ethanol. 


Initially  we  expected  the  two  photon  excitation  spectrum  of  a  dye  to  be  very 
similar  to  the  linear  absorption  spectrum  so  we  sought  dyes  with  absorption  features  that 
suggested  conveniently  available  excitation  wavelengths.  For  example,  one  wavelength 
with  second  harmonic  shorter  than,  and  one  with  second  harmonic  longer  than  the 
absorption  feature  but  with  a  sum  frequency  that  would  lie  within  the  one  photon 
absorption  feature.  In  our  experiments  we  found  that  most  dyes  have  absorption  spectra 
that  extend  beyond  the  short  wavelength  side  of  the  primary  absorption  band.  Thus,  the 
short  wavelength  light  could  generally  excite  very  weak  visible  emission  through  two 
photon  absorption.  The  long  wavelength  light  never  did.  However,  the  two  photon 
excitation  spectrum  of  some  dyes  is  quite  different  from  their  one  photon  spectrum.  This 
is  demonstrated  by  the  data  in  Fig.  3  in  which  the  two  spectra  for  10"3  M  rhodamine  B  in 
ethanol  are  shown.  Notice  that  the  feature  that  is  a  smooth  single  band  in  one  photon 
appears  as  structured  in  two  photon  excitation  and  the  feature  near  420  nm  observed  in 
two  photon  excitation  is  not  present  in  one  photon.  The  two  peaks  in  the  two  photon 
spectrum  can  be  fit  by  two  Lorentzian  curves.  These  spectra  indicate  that  in  the 
rhodamine  B  molecule  the  states  involved  in  one  photon  absorption  have  mixed  angular 
momenta  but  primarily  differ  by  one  unit  of  angular  momentum.  However,  when 
exciting  using  two  photons  it  is  possible  to  access  a  second  excited  state  that  has  the 
same  angular  momentum  as  the  ground  state  and  which  is  not  allowed  in  a  one  photon 
process.  In  the  case  of  courmarin  7  the  two  photon  and  one  photon  spectra  are  very 
similar  suggesting  that  the  ground  and  first  excited  state  are  both  mixtures  of  angular 
momentum  states. 
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Rhodamine  B  in  Ethvlene-GIvcol 


/ 2  (nm) 


Figure  3.  Comparison  of  one  and  two  photon  absorption  spectra  of  10"3  M  rhodamine  B 
in  ethylene  glycol.  The  black  crosses  indicate  the  one  photon  spectrum  and  the  red  x’s 
the  two  photon  absorption  plotted  at  one  half  the  actual  wavelength.  The  green  blue  and 
purple  tick  marks  indicate  excitation  wavelengths  used  in  the  polarization  studies  in 

Fig.  10. 

In  the  course  of  our  research  we  observed  that  the  emission  strength  of  the  visible 
light  generated  by  TP  A/E  was  strongly  dependent  on  the  relative  orientation  of  the 
polarizations  of  the  two  light  beams.  It  was  maximum  when  the  polarizations  were 
parallel  and  minimum  when  they  were  perpendicular  to  each  other.  The  experiment  in 
which  this  was  studied  is  sketched  in  Fig.  4. 

As  shown  in  Fig.  5  this  dependence  is  described  by  a  cos2  function  of  the  angle 
between  the  polarizations  and  the  ratio  of  the  maximum  to  minimum  signal  is  3.  The 
data  in  Fig.  5  is  for  10"3  M  rhodamine  B  in  ethanol  using  two  different  wavelength  pump 
beams,  neither  of  which  experiences  two  photon  absorption  alone,  to  excite  the  emission 
by  TP  A/E.  At  first,  it  seems  that  the  polarization  dependence  is  not  determined  by  the 
dye  used  as  the  same  polarization  dependence  is  seen  for  coumarin  7  using  non 
degenerate  excitation.  When  the  two  beams  are  set  at  the  same  wavelength  such  that 
each  experiences  two  photon  absorption  (a  condition  of  degenerate  two  photon 
absorption)  there  is  a  similar  polarization  dependence  to  the  visible  light  emission. 
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Figure  4.  Sketch  of  experiment  in  which  the  effect  of  the  relative  angles  between  the 
polarizations  of  the  two  intersecting  beams  on  two  photon  absorption  was  studied.  BCP 
stands  for  Berek  polarization  compensator,  a  device  that  allowed  us  to  rotate  the 

polarization  of  beam  1. 


Figure  5.  Polarization  dependence  of  visible  light  emission  excited  by  non  degenerate 

a 

TP  A/E  in  10"  M  rhodamine  B  in  ethanol.  The  excitation  wavelengths  were  900  and 
1243  nm.  0,  180  and  360  deg.  in  this  plot  correspond  to  parallel  polarization.  The 
dashed  curve  is  a  cos2(0)  fit  to  the  data  with  a  constant  value  added  since  the  signal  at 

perpendicular  polarization  is  not  zero. 
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At  first  glance  a  dependence  of  the  emitted  light  on  in  TPA/E  is  unexpected. 
After  all,  the  medium  is  isotropic,  the  dye  molecules  are  randomly  oriented  and  the 
emission  process  should  have  no  memory  of  the  orientation  of  the  light  fields  that  were 
absorbed.  On  second  thought,  it  may  be  possible  that  two  photon  absorption  itself  is 
stronger  when  the  beams  are  polarized  parallel  to  each  other.  A  simple  model  of  the 
process  of  two  photon  absorption  due  to  two  intersecting  beams  is  given  below.  When 
the  two  photon  interaction  is  averaged  over  all  possible  orientations  of  the  molecules  it 
yeilds  a  cos2  dependence  is  understandable.  A  dependence  of  TPA/E  on  the  relative 
polarizations  of  the  two  light  beams  has  been  reported  previously  and  a  very  detailed 
model  proposed  5.  That  model  and  the  simpler  model  below  supports  the  preceding  data, 
giving  a  ratio  of  3  between  maximum  and  minimum  two  photon  absorption.  1 

We  now  show  that  the  dependence  observed  thus  far  can  be  explained  by 
calculating  the  dipole  induced  in  a  molecule  by  the  interaction  of  the  two  fields  in  the 
medium.  We  then  find  the  average  value  of  this  induced  dipole  to  account  for  the  many 
possible  orientations  of  the  molecules  in  the  intersection  volume.  Figure  6  gives  the 
geometry  and  defines  the  angles  used  in  the  following  discussion. 


Z 


Figure  6.  The  coordinate  system  used  in  developing  the  model  of  the  polarization 
dependence  of  two  photon  absorption  at  the  intersection  of  two  pump  beams. 


1  In  work  conducted  near  and  since  the  end  of  the  current  program  as  discussed  below  we  have  obtained 
experimental  results  that  can  not  be  explained  by  either  model.  We  are  evaluating  that  data  and  working  to 
develop  a  more  complete  model. 
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To  understand  two-photon  absorption  due  to  two  intersecting  beams  we  must 
evaluate  the  effect  of  one  pump  beam  on  the  absorption  of  the  other  as  they  interact  in  the 
medium.  The  fields  from  the  two  pump  beams  interact  through  the  dipole  induced  in 
each  molecule.  To  calculate  the  absorption  of  the  beam  at  frequency  cox it  is  necessary  to 
calculate  the  polarization  at  frequency  0}  induced  by  a  combination  of  the  incident 
fields.  This  is  done  by  combining  the  fields  at  frequencies  co,,  CO,  and  -CO,.  The 
various  terms  in  the  induced  dipole  can  be  evaluated  using  a  detailed  quantum  theoretical 
approach.1  However,  here  it  suffices  to  build  on  such  results  to  provide  a  simplified 
explanation  of  the  observed  phenomenon.  Each  term  in  the  sum  of  quantities  giving  the 
induced  dipole  in  a  single  molecule  resulting  from  the  interaction  of  three  incident  fields 

is  composed  of  a  product  of  three  dot  products  of  the  form  (Imn  ■  E{ co).  In  this  product, 
|Imn  is  the  dipole  moment  for  the  transition  between  states  n  and  m  defined  by  the 
integral  umerund  r  .  umis  the  spatially  varying  part  of  the  wave  function  corresponding 

to  the  energy  Em,  e  is  the  electric  charge  and  r  is  the  position  operator.  |Imn  is  a 
characteristic  of  a  particular  molecule  hence  all  the  molecules  of  a  given  dye  have  the 
same  transition  dipole  moment,  |Imn ,  connecting  the  states  of  energy  Em  and  E,,.  In 
addition,  each  of  the  terms  in  the  sum  giving  the  induced  dipole  moment  is  divided  by  the 
product  of  three  frequency  differences  that  include  damping.  The  damping  gives  rise  to 
two-photon  absorption.  Resonances  in  the  two-photon  process  occur  when  either 
incident  light  frequency  or  their  sum  frequency  corresponds  to  a  real  transition  of  the 
molecule. 

It  is  necessary  to  average  the  relevant  dipole  over  all  possible  orientations.  First 
consider  the  dipole  transition  moment  |I  between  the  ground  state  g  and  a  virtual  state  v 

having  energy  fi(S\  .  This  virtual  state  is  not  a  physical  state  but  a  superposition  of  all  the 
other  states  available  to  the  electron.  As  indicated  in  Fig.  4  let  E]  lie  along  the  x-axis  and 
( El ,  E2 )  define  the  (x,y)  plane.  Call  i  the  axis  defined  by  the  direction  of  the  dipole 
moment  |X  .  With  this  choice  of  system  coordinates  the  dot  product  of  (I  with  the 

electric  field  Ex  at  frequency  co,  is: 

Hgv  ‘  ^  («! )  =  fh.gv  coscpsinq/E,  (co, )  (1) 

Now  consider  the  dipole  transition  moment  jlv/  between  the  virtual  state  v  and  a 
state/having  energy  difference  ti(x\  with  state  v.  This  dipole  transition  moment  can  be 
written  as  the  sum  of  two  components,  one  parallel  to  the  dipole  moment  jl  that  we  call 
jo.,  vf  and  one  lying  in  the  plane  perpendicular  to  it,  pi ;  vf  .  The  dot  product  of  this  dipole 
transition  moment  with  the  electric  field  E2  is: 

p1;/.-£,2(cp)  =  ((jfv/cos(cp-0)sin\}/-|a;/v/(cos(3coa)/cos(p-0)+sin(3sin(cp-0)))£,2(oy)  (2) 
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Here,  cp  is  the  angle  between  the  projection  of  the  axis  i  into  the  (x,y)  plane  and  the 
positive  x  axis,  \j /  is  the  angle  between  the  z  axis  and  the  axis  i  in  the  plane  of  these  axes, 
(1  is  the  angle  between  the  normal  to  the  axis  i  in  the  plane  of  the  i  and  z  axes,  and  the 
direction  of  the  j  component  of  the  dipole  transition  moment  jli7 ,  and  0  is  the  angle 

between  £j  and  E2  in  the  (x,y)  plane. 


Since  the  molecules  are  randomly  oriented,  one  must  average  \J /  over  0  to  71,  cp 
over  0  to  271,  and,  since  the  molecule  can  be  rotated  around  its  own  axis  by  an  angle  (3  , 
one  must  average  (3  from  0  to  2%.  The  component  of  the  average  polarization  in  the 
medium  that  is  parallel  to  £j  is  therefore  proportional  to: 


(A®,))  — "-r  J  J  J  (f1,,  •£,( cojXh,/  •  toJ2)XH:r  -eIMV, 

1  non 


cos  (p  sin\|/c/(pcA|/c/p 


£j  \ES - 

1  1  512 


TtR2^2^,/2  - HjW2))c°s2 0  +4p,^2(6p,/  +13p;i/2) 


(3) 


The  coefficient  of  two-photon  absorption  is  given  by  the  imaginary  part  of 


Ei 


and  significant  two  photon  absorption  occurs  when  there  is  a  real  state  at  the 


energy  /;(co  +co2).  Therefore,  the  two  photon  absorption  coefficient  aTpA  of  the  field  at 
frequency  co,  is: 

aTPA  06  \E2 1'  p^Vv/l6!2 -  3  sin 2  y  ))cos2  0  +  (6  +  7  sin 2  y )]  (4) 


In  expression  4,  pi  ,  r  and  |li;/  are  the  dipole  moment  between  the  ground  state  and  the 

virtual  state  v  and  between  the  virtual  state  v  and  the  final  state,  respectively,  and  y  is  the 
angle  between  the  transition  dipole  moments  direction.  aTPA  is  proportional  to  the 
intensity  of  the  field  at  C02 ,  contains  one  term  proportional  to  cos20  and  a  second  term 
that  is  independent  of  0. 

Certain  special  cases  of  the  proportionallity  in  expression  4  provide  insight  into 
the  observed  phenomenon.  When  the  transition  dipole  moments  are  parallel  to  each 
other,  so  that  y=  0,  the  two  photon  absorption  coefficient  becomes: 

a™  |S2|V„V  [2cos2  0  +  J  (5) 


which  is  exactly  the  functional  form  for  the  dependence  on  0  found  experimentally  in  low 
viscosity  solvents  (See  Figs.  2  and  3).  This  clear  agreement  between  the  model  and 
experiment  allows  us  to  say  that  in  our  dye  molecules,  the  two  dipole  transition  moments 
are  parallel  to  one  another. 

If  y  =  54.7  deg,  there  will  be  no  dependence  of  the  two-photon  absorption 
coefficient  on  the  angle  0.  When  the  two  transition  dipole  moments  are  perpendicular  to 
each  other,  eg.  when  y  =  90  deg,  the  proportionallity  becomes: 

a tpa  «|£2|2pgv2p^2[-6cos20  +13]  (6) 
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Such  a  dependence,  where  the  maximum  signal  occurs  when  the  fields  are  perpendicular 
to  each  other  is  not  observed.  This  supports  the  conclusion  that  the  dipole  transition 
moments  are  parallel  to  each  other  in  our  dye  molecules. 

In  recent  months  additional  data  on  the  polarization  dependence  has  been 
obtained  that  demonstrates  a  dependence  of  the  ratio  observed  on  the  viscosity  of  the 
solvent  as  shown  in  Fig.  7.  Further,  Fig.  8  shows  the  one  and  two  photon  excitation 
spectra  and  the  emission  spectrum  of  the  dye  napthofluorescein  in  ethylene  glycol.  The 
colored  pairs  of  vertical  lines  along  the  wavelength  scale  indication  pairs  of  excitation 
wavelengths  used  to  excite  emission  by  non  degenerate  two  photon  absorption  in  this 
dye.  In  Fig.  9  we  show  the  emission  strength  versus  the  angle  between  the  polarizations 
of  the  excitation  beams  for  the  pairs  of  excitations  wavelengths  indicated  in  Fig.  8. 
Clearly  the  ratio  depends  on  the  choice  of  wavelengths  and  in  the  case  of  excitation 
accessing  the  strongest  two  photon  excitation  band  the  ratio  is  4.  Experimental  results  for 
rhodamine  B  shown  in  Fig.  10  confirm  that  there  is  a  dependence  of  the  ratio  on  the 
transition  accessed  in  the  two  photon  process.  These  features  will  be  explored  further 
and  a  model  will  be  developed  to  explain  them  in  subsequent  research. 
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Figure  7.  Experimentally  observed  visible  light  intensity  normalized  to  one  at  the 
minimum  versus  the  angle  between  the  polarizations  of  the  pump  beams  in  the  case  of 
non  degenerate  two  photon  absorption.  The  emitting  dye  is  coumarin  7  and  the  excitation 
wavelengths  are  720  nm  and  1074  nm.  The  squares  are  the  data  points  measured  in 
ethanol  (viscosity  1.1),  the  crosses  are  measured  in  ethyl  glycol  (viscosity  16.1)  and  the 
stars  are  measured  in  cyclohexanol  (viscosity  57.5). 
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Naphtofluorescein  in  Ethvlene-GIvcol 


Figure  8.  The  normalized  one  and  two  photon  excitation  spectra  and  the  emission 
spectrum  of  napthofluorescein  in  ethylene  glycol.  The  pairs  of  vertical  colored  lines 
indicate  pairs  of  wavelengths  used  in  non  degenerate  two  photon  excitation  experiments 
and  are  coordinated  with  the  colors  of  the  data  points  in  Fig.  9. 


Figure  9.  The  normalized  two  photon  excited  emission  strength  (Y)  versus  the  angle 
between  the  polarizations  of  the  two  beams  (X)  used  to  induce  non  degenerate  two 
photon  absorption  for  naphtofluorescein  in  ethylene  glycol. 
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Figure  10.  The  two  photon  excited  emission  strength  of  rhodamine  B  in  ethylene  glycol 
(Y)  versus  the  angle  between  the  polarizations  of  the  two  beams  used  for  excitation  (X) 
for  the  three  different  excitation  wavelength  pairs  shown  in  Fig.  3. 

We  now  comment  on  the  observed  effect  of  the  solvent  viscosity  on  the  ratio 
measured  between  the  signal  detected  when  the  two  pump  beams  have  parallel 
polarization  and  when  they  have  perpendicular  polarization.  Fig.  7  shows  the  visible 
emission  detected  as  the  angle  between  the  polarization  of  the  two  pump  beams  is  rotated 
between  0  and  360  deg  in  a  solution  of  Coumarin  7  in  ethanol,  in  ethyl  glycol  and  in 
cyclohexanol.  The  ratio  of  maximum  visible  signal  to  minimum  visible  signal  clearly 
decreases  as  the  viscosity  of  the  solvent  increases.  The  same  observation  was  made  when 
using  different  dyes  in  different  solvents.  We  believe  that  this  effect  may  be  related  to 
the  geometry  of  our  detection  system  and  as  discussed  below  is  a  critical  feature  to  be 
considered  in  3D  displays  using  non  degenerate  two  photon  excitation.  In  the  high 
viscosity  solvents,  the  molecules  do  not  have  time  to  randomly  orient  themselves  before 
they  fluoresce  (on  the  order  of  a  few  nanoseconds).  Therefore  when  the  two  pump  beams 
are  parallel  polarized,  the  molecules  that  are  most  excited  are  aligned  so  that  their  dipoles 
radiate  more  strongly  in  the  plane  perpendicular  to  their  orientation  (see  Fig.  4).  The 
signal  collected  by  our  detection  system  sketched  in  Fig.  4  is  low.  When  the  two  pump 
beams  are  perpendicular  polarized,  the  molecules  that  are  most  excited  are  at  some  angle 
with  resepect  to  the  direction  of  propagation  into  the  detection  system.  Our  detector  then 
collects  a  larger  part  of  the  radiation  emitted,  even  though  the  excitation  is  smaller.  The 
ratio  of  maximum  to  minimum  signal  detected  is  then  less  than  maximal. 

In  a  solid,  the  viscosity  is  very  large.  It  is  therefore  very  important  when 
designing  a  3D  display  to  think  through  the  geometry  of  the  excitation  as  well  as  of  the 
detection  in  order  to  optimize  the  output.  The  excitation  is  larger  when  the  two  pump 
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beams  are  linearly  polarized  parallel  to  each  other,  and  the  visible  signal  radiated  is 
stronger  in  the  plane  perpendicular  to  this  common  direction  of  polarization. 

The  polarization  dependence  also  applies  to  other  applications  of  two  photon 
processes  such  as  data  storage  and  two  photon  photo-polymerization  for  manufacturing 
micro-miniaturized  devices.  In  these  applications  one  must  take  care  to  design  optics  that 
insure  parallel  polarization  for  both  beams. 


In  addition  to  the  work  in  Ref.  2  showing  the  potential  of  commercially  available 
dye  doped  plastics  for  3D  displays  we  have  worked  with  colleagues  in  France  on  sol  gel 
hosts  for  dyes  for  this  application.6  Several  combinations  were  tested,  some  were  of 
interest  and  are  the  subjects  of  continued  study.  Others  suffered  laser  induced  damage 
and  were  discarded.  The  work  in  Ref.  3  includes  a  criterion  for  voxel  visibility  that  has 
proven  quite  useful  in  evaluating  materials.  This  criterion,  obtained  by  considering  the 
number  of  photons  that  will  enter  the  eye  at  a  certain  distance  from  a  voxel  when  the 


voxel  is  excited  by  TP  A/E,  is  given  as:  N  - 


1  X 


l2 


"  P  1 


471  hi)'. 


ir 


T2  x  d 
L  p  v 


Here  N  is  the  number  of 


photons  that  enter  the  eye  of  diameter  4,  at  a  distance  L  from  a  voxel  of  diameter  dv 
when  excited  by  two  photon  absorption  of  a  pulse  of  energy  Ep  and  duration  xp  and  v  •  is 


the  median  of  the  two  near  infrared  frequencies  used.  X  is  the  two  photon  absorption 
coefficient  given  by  the  product  of  the  two  photon  absorption  cross  section  with  the 
density  of  molecules  in  the  voxel.  In  the  Handbook  of  Perception  and  Human 
Performance  we  find  that  the  dark  adapted  human  eye  can  detect  about  100  photons  in 
the  mid  visible.  Based  on  this  criterion  some  of  the  dye  doped  systems  that  we  have 
studied  such  as  coumarin  7  and  rhodamine  B  will  produce  easily  detectable  voxels  at 
reasonable  viewing  distances  (eg.  ~  1  m).  They  will  do  this  while  using  the  amounts  of 
energy  modest  diode  lasers  would  deposit  in  the  voxel  during  a  dwell  time  of  the  light  in 
the  voxel  (eg.  the  effective  xp). 


One  of  the  desired  features  of  a  3D  display  is  an  ability  to  display  different  colors. 
This  means  that  we  must  search  for  dye  doped  materials  that  can  emit  red,  green  and  blue 
light  and  then  develop  means  to  locate  these  emitters  in  each  voxel.  The  choice  of 
excitation  wavelengths  will  allow  excitation  of  different  colors.  To  locate  more  than  one 
type  of  emitter  in  each  voxel  we  prepare  the  emitting  material  in  the  form  of  particles 
smaller  than  the  voxel  diameter  and  disperse  them  in  a  polymer  host  (eg.  PMMA  or  a 
variant  thereof)  so  that  there  are  many  of  each  type  in  each  voxel.  This  research  required 
careful  study  of  grinding  and  preparing  small  particles  so  that  the  grinding  damage  does 
not  adversely  affect  the  TP  A/E  excited  emission.  Initial  work  on  preparing  particles  of 
crystalline  materials  has  shown  how  difficult  this  can  be.  In  addition,  the  dye  doped 
material  is  physically  soft  and  therefore  difficult  to  grind. 


The  idea  of  using  dispersed  particles  of  materials  that  can  emit  visible  light  by 
TP  A/E  allowed  us  to  re-visit  the  issue  of  using  crystalline  up  converters  for  3D  display 
applications.  While  many  doped  crystals  have  been  shown  to  be  good  up  converters  they 
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can  not  be  scaled  in  size  to  make  a  practical  3D  display.  We  have  studied  the  use  of 
powders  of  such  crystals  that  can  be  excited  by  TPA/E  to  emit  visible  light  in  3D 

n 

displays.  We  identified  from  our  own  and  others  prior  work  crystals  with  promise.  One 
important  feature  of  up  conversion  in  doped  crystals  is  that  there  exists  the  possibility  of 
sequential  two  photon  absorption.  This  process  involves  sequential  absorption  of  two 
photons  by  transitions  between  real  states  and  is,  therefore,  more  efficient  than  the 
simultaneous  process  in  the  dyes  discussed  above.  Using  our  dual  parametric  oscillator 
pump  source  we  started  to  evaluate  rare  earth  doped  fluorides  crystals  for  sequential  up 
conversion.  When  the  preferred  excitation  wavelengths  are  determined  we  will  prepare 
powders  of  the  most  promising  and  disperse  the  powders  in  an  appropriate  passive  host 
medium.  Such  a  passive  host  will,  ideally,  have  the  same  index  of  refraction  as  the 
particles  dispersed  in  it  so  as  to  minimize  scattering.  We  plan  to  test  these  dispersed 
crystallite  media  for  3D  display  demonstrations. 

Preparing  powdered  crystals  while  preserving  their  spectroscopic  properties 
requires  careful  grinding  and  post  grinding  treatments.  In  the  grinding  process  a  great 
deal  of  subsurface  and  surface  mechanical  damage  was  done  to  the  crystals.  Such 
damage  provides  quenching  sites  for  fluorescence.  The  damage  also  makes  color  center 
formation  easier  providing  yet  another  quenching  mechanism.  Further,  impurities  can 
enter  through  surface  damage  and  affect  the  material’s  spectroscopic  properties.  The 
powders  we  prepare  are  examined  microscopically  to  identify  surface  damage  due  to 
grinding.  We  have  started  to  study  post  grinding  annealing  or  etching  of  the  crystalline 
particles  to  remove  grinding  damage.  These  steps  are  also  necessary  if  the  particles  are  to 
be  dispersed  in  a  passive  host  and  the  resultant  medium  is  to  be  optically  clear  and  scatter 
free.  We  have  already  made  progress  towards  this  goal  as  describe  below  in  the 
discussion  of  optically  written  2D  displays.  That  is,  we  have  developed  a  form  of 
phosphorylated-PMMA  that  can  contain  crystalline  particles  without  cracking  and  we 
have  learned  the  use  of  surfactants  to  more  uniformly  disperse  the  crystallites. 

Optically  Written  2D  Displays: 

We  have  demonstrated  a  concept  for  2D  information  display  that  uses  laser  diodes 
emitting  at  970  nm  to  excite  visible  emission  from  up-converter  materials  ’  .  The  light 
from  these  diodes  is  scanned  onto  a  screen  that  is  covered  with  a  material,  which 
efficiently  up-converts  the  infrared  photons  into  blue,  red  or  green  light,  as  sketched  in 
Fig.  11.  Fig.  11  shows  that  our  concept  is  obviously  similar  to  an  electron  beam  written 
CRT  display.  The  advantages  offered  by  such  a  system  are  several.  To  list  a  few,  it  can 
easily  be  scaled  from  small  to  large  sizes  (by  using  several  diodes  and  tiling  if  necessary) 
without  the  depth  problems  inherent  to  the  CRTs  (the  optical  path  can  easily  be  folded). 
The  new  system  does  not  require  a  heavy  vacuum  tube  or  high  voltages  which  makes  it 
safer  (the  laser  radiation  is  filtered  and  never  gets  out  of  the  apparatus).  The  infrared 
photons  used  have  low  energy  so  they  do  not  damage  the  screen  material.  The  display 
lifetime  should  be  limited  by  the  diode  laser  lifetime  (~104  hrs),  and  this  could  be 
replaced  easily  when  necessary.  The  brightness  obtained  depends  directly  on  the  pump 
intensity  and  is  limited  by  saturation  only  for  very  high  pump  exposure.  With  proper 
understanding  and  engineering,  it  should  be  possible  to  make  a  display  of  very  high 
luminance.  We  therefore  have  demonstrated  red,  green  and  blue  emitters  and  studied  the 
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physics  of  the  up-conversion  process  to  enable  design  of  a  system  with  optimized 
properties. 

Up-conversion  materials  have  been  known  and  studied  for  decades  as  possible 
laser  materials.  We  started  this  study  by  looking  at  fluorides  crystals  doped  with  several 
rare  earth  ions  which  had  been  shown  to  be  efficient  up-converters  in  the  past4'  5'  6. 
Because  these  crystals  can  not  be  prepared  in  sizes  as  large  as  needed  for  most  display 
applications,  we  prepare  the  crystals  as  -10  pm  size  particles  and  disperse  them  in  a 
phosphorylated  polymethylmethacrylate  (p-PMMA)  host.  We  had  to  develop  this  host 
since  ordinary  PMMA  could  not  stand  the  internal  stresses  of  forming  around  the 
crystalline  particles.  In  developing  this  host  we  worked  with  Prof.  K.  Belfield  of  the 
UCF  Chemistry  Department  and  have  submitted  a  patent  disclosure  on  this  concept.  The 
p-PMMA  with  crystalline  particles  results  in  a  display  medium  that  can  be  formed  to  any 
desired  shape,  can  be  transparent  or  not,  as  desired,  and  can  be  affixed  to  any  desired 
substrate. 


Coating:  Coating: 

AR  at  975  nm  x  ,  HR  at  975  nm 


emits  visible  light. 


Figure  11.  Schematic  diagram  of  the  new  2D  display  concept. 

Experiments  have  been  conducted  using  several  different  rare  earth  ions  co-doped 
with  Yb3+  in  fluoride  crystalline  hosts.  Unlike  crystalline  materials  for  3D  displays  the 
Yb3+  co-doped  materials  are  excited  by  a  single  wavelength  of  light.  That  is,  the  Yb3+ 
ions  absorb  light  in  a  fairly  broad  band  near  975  nm  in  these  crystals  and  then  efficiently 
transfer  the  absorbed  energy  to  levels  of  the  co-dopant  from  which  visible  light  can  be 
emitted.  While  this  type  of  crystal  would  not  be  useful  for  a  3D  display,  it  could  have 
implications  for  an  optically  written  2D  display.  The  excitation  process,  one  in  which 
sequential  absorption  of  two  photons  of  near  infrared  energy  by  donor  ions  which  then 
transfer  that  energy  to  a  single  acceptor  ion  in  a  manner  that  the  acceptor  can  then  emit 
visible  light,  is  a  form  of  sequential  up-conversion.  Table  I  is  a  list  of  the  various  crystals 
and  co-dopants  that  we  have  studied  so  far  and  the  central  wavelengths  of  the  bands  of 
visible  emission  detected  following  excitation  with  a  diode  laser  source  operating  at  968 
nm.  Fig.  12a  shows  the  emission  spectrum  obtained  from  Yb:NaYF4  co  doped  with  Tm3+ 
ions,  12b  with  Ho3+  ions  and  12c  with  Er3+  ions.  We  note  that  the  emission  lines  are 
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fairly  narrow  (characteristic  of  rare  earth  ions)  so  we  can  obtain  strong  saturation  of 
colors  by  mixing  the  blue,  green,  and  red. 


Table  I:  Visible  emission  wavelength  of  Tm,  Er  and  Ho  after  Yb  excitation  in  different 
fluoride  hosts 


Doping  ion 
Yb3+  + 

Crystal  host 

Peak  emission  wavelength  (nm) 

blue 

green 

Red 

Tm'+ 

NaYF4 

450,  475 

647,  698 

KYF 

481 

652 

YLF 

483 

648 

ErJ+ 

NaYF4 

411 

540 

660 

KYF 

550 

654,  670 

YFF 

541,549 

654,  668 

HoJ+ 

NaYF4 

540 

648 

KYF 

544 

658 

Figure  12a.  Emission  spectrum  of  Tm,Yb:NYF  after  excitation  at  968  nm  and  for 

different  pump  intensities 


Figure  12b.  Emission  spectrum  of  Ho,Yb:NYF  after  excitation  at  968  nm 
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Figure  12c.  Emission  spectrum  of  Er,Yb:NYF  after  excitation  at  968  nm  and  for 

different  pump  intensities 

As  seen  from  the  emission  spectra,  the  relative  strength  of  emission  at  different 
wavelengths  depends  on  the  pump  intensity.  Furthermore,  because  the  process  of  visible 
emission  implies  absorption  of  more  than  one  infrared  photon,  at  a  given  wavelength  the 
emission  strength  does  not  vary  linearly  with  the  pump  power.  It  is  critical  to  understand 
the  role  of  each  parameter  involved  in  the  excitation  and  emission  process  in  order  to 
optimize  the  efficiency  of  an  optically  written  up  conversion  display.  Therefore,  we 
developed  a  simple  model  of  up-conversion  that  allows  us  to  predict  and  to  scale  such 
displays. 

The  energy  diagram  associated  with  our  coupled  system  of  ions  (ytterbium  plus 
visible  emitter)  is  described  in  Fig.  13  for  the  case  of  Yb-Ho.  Because  the  proper 
parameters  are  not  yet  available  for  our  more  efficient  materials,  we  used  values  found  in 

n 

the  literature  for  this  particular  material.  The  numerical  values  used  in  Ref.  [9]  were 
measured  for  a  material  designed  to  make  a  2.9  pm  laser  .  The  quantitative  values 
obtained  for  efficiencies  should  therefore  be  ignored.  We  are  only  interested  in  the 
qualitative  behaviors  of  the  visible  emission  for  various  operating  conditions.  These 
behaviors  lead  us  to  experimentally  confirmed  rules  for  the  functioning  of  our  displays. 

In  order  to  better  understand  the  mechanism  of  up-conversion,  we  first  looked  at 
the  green  visible  emission  after  energy  transfer  from  only  two  excited  Yb3+  ions  as 
described  in  Fig.  13.  The  rate  equations  describing  the  dynamics  of  the  coupled  system 
of  ions  were  written  in  Mathcad  and  were: 
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^ab  J 


pump 


hv 

^abs^pump 

hv 


(ni -n2)+— +%i  n2n3+5C2  n2n4 
^2 

(ni-n2)-— -%i  n2n3-x2  n2n4 


n  4  n3 

n3  =~Xi  n2n3+  — 

x4  x5 


n4  =Xi  n2n3 - Xi  n2n4 

x4 


n5  =Xl  n2n4 - “ 


(j)  —  A53n5 


(7) 


In  these  equations,  n,  represents  the  population  density  in  the  state  i,  oabs  is  the  absorption 
cross-section  of  the  material  at  the  pump  wavelength,  Ipump  is  the  pump  intensity,  h  is 
Planck  constant  and  v  is  the  pump  frequency.  <j>  is  the  photon  emission  rate  in  the  visible 
and  A53  is  the  radiative  decay  rate  of  the  transition  5  to  3.  The  system  of  equations  was 
solved  for  various  initial  conditions  and  the  numerical  parameters  used  in  the  rate 
equations  are  listed  in  Table  2.  In  order  to  simplify  further  the  problem,  back  transfer 
from  the  emitter  to  Yb  was  ignored  in  the  model. 

We  first  solved  the  rate  equations  were  solved  in  the  case  of  equilibrium 
corresponding  to  a  pump  laser  beam  that  does  not  scan  the  display  but  simply  stands  still 
on  one  point.  As  a  result,  we  obtain  a  point  source  of  visible  light  excited  by  a  near 
infrared  diode  laser.  The  calculated  power  of  visible  light  emitted  per  unit  volume  of 
material  (directly  related  to  brightness)  versus  the  pump  intensity  is  shown  in  a  log-log 
plot  in  Fig.  14.  At  low  pump  intensity  the  emission  varies  as  the  square  of  the  pump 
intensity.  Then  there  is  a  significant  pump  intensity  range  in  which  the  variation  is  linear. 
Finally,  for  very  high  pump  intensities  saturation  sets  in  when  the  Yb  population  is  nearly 
equal  in  both  its  states. 


Energy 
(x  103  cm'1) 

t2 


Yb  Ho  Yb 

Figure  13.  Simplified  energy  diagram  of  the  coupled  system  of  ions  considered. 
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Table  2:  Parameters  used  in  the  system  of  rate  equations 


Yb  excited  state 

x2 

1.8  ms 

Lifetimes 

Ho  intermediate  5I6  state 

x4 

3.5  ms 

Ho  upper  sS2.  T",  state 

X5 

190  (xs 

2F5/2  2Fv/2  while  5I8  5I6 

Xi 

7  x  10"1S  cnrVs 

Energy  transfer  coefficients 

-F,/2  "F m.  while  5Ifi  5S2  Ft 

%2 

3.1  x  10'8  cniVs 

Radiative  decay  rate 

5S?  5F4  5IX  transition 

A„ 

3982  s'1 

Slope 

1 


Figure  14.  Power  of  visible  light  emitted  versus  infrared  pump  intensity.  Results  of 
simulation. 

It  is  possible  to  calculate  the  efficiency  of  the  system  used  in  our  model 
development  as  defined  by  the  ratio  of  the  number  of  photons  emitted  to  the  number  of 
pump  photons  absorbed  per  second  per  unit  volume.  As  expected,  Fig.  15  shows  that 
efficiency  increases  linearly  at  low  intensity,  reaching  a  maximum  value  when  the 
emission  is  linear  as  a  function  of  the  pump  intensity.  Saturation  is  not  evident  in  Fig.  15 
since  when  the  Yb  population  is  equal  in  both  levels,  it  does  no  longer  absorbs  pump 
light.  The  rate  with  which  pump  photons  are  absorbed  remains  constant  when  the 
incident  intensity  is  increased  and  so  the  efficiency  remains  constant. 


Figure  15.  Emission  efficiency  versus  infrared  pump  intensity.  Results  of  simulation. 
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These  results  were  tested  experimentally  for  a  sample  of  Yb,  Er:NYF  which  also 
emits  in  the  green  after  energy  transfer  from  two  Yb  ions.  The  quadratic  and  linear 
regimes  were  observed  and  are  plotted  in  Fig.  16.  We  never  attained  saturation  even  for 
brightnesses  greater  than  50  kCd/m2.  The  agreement  with  the  model  gives  us  confidence 
in  saying  that  we  can  increase  the  efficiency  of  our  materials  by  simply  focusing  the 
pump  light  to  smaller  spots  until  we  reach  a  given  value  of  luminance  (fixed  by 
parameters  intrinsic  to  the  material).  The  efficiency  will  then  remain  constant  whether 
the  focus  spot  is  reduced  further  or  the  pump  power  is  increased. 


We  can  formalize  the  expressions  for  brightness  and  efficiency  in  the  quadratic 
regime  of  the  material  when  the  pump  beam  stands  still.  The  brightness  and  the  infrared 
pump  power  P  and  diameter  d  are  related  as  follows: 

-.2 


„  P“ 

B  °c  — T 
d4 


(8) 


The  efficiency  can  be  written  as: 


Efficiency^ 


P_ 

d2 


(9) 


Power  (W) 


Figure  16.  Brightness  at  545  nm  measured  for  a  sample  of  Er,Yb:NYF  versus  incident 
968  nm  pump  power. 


The  system  of  rate  equations  was  then  solved  after  excitation  by  a  pump  pulse 
having  the  following  time  dependence  between  t=0  and  t=T : 


1  =  1, 


f 

( 27tt  ) 

\ 

cos 

- +  71 

+  1 

T 

V 

v  J 

) 

(10) 


This  approximates  the  case  in  which  the  pump  beam  is  scanned  over  a  screen  with  a 
dwell  time  of  T  on  each  point.  The  energy  emitted  per  unit  volume  was  calculated  for 
different  pulse  lengths  T  but  constant  pump  exposures  (product  of  pump  intensity  5)  by 
pump  length  T).  The  result  of  the  calculations  is  shown  in  Fig.  17.  Several  observations 
can  be  made  from  this  plot.  First,  for  pump  pulse  lengths  smaller  than  the  Yb  excited 
state  lifetime,  the  emitted  light  energy  depends  only  on  the  total  exposure  even  for  very 
short  pulses.  This  is  due  to  the  fact  that  Yb  ions  absorb  the  pump  photons  at  a  rate 
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proportional  to  the  pump  intensity,  then  in  effect  store  this  energy  while  transferring  to 
the  emitters.  Likewise,  the  decrease  in  output  energy  for  longer  pulse  lengths  at  low 
exposure  is  due  to  loss  of  stored  energy  through  decay  of  the  Yb  excited  state  population. 
For  the  highest  pump  exposure  (100  J/cm2),  we  observe  a  decrease  of  output  energy  for 
the  shorter  pulses.  This  corresponds  to  higher  pump  intensities  where  saturation  is 
reached  and  when  the  populations  in  both  states  of  Yb  become  equal. 


Figure  17.:  Energy  of  visible  light  emitted  per  unit  volume  versus  pump  pulse  length  for 
various  pump  exposures. 

We  can  also  plot  these  results  for  a  fixed  pump  pulse  length  and  vary  the  incident 
intensities  (Fig.  18).  As  in  the  static  case,  three  regimes  have  been  observed:  quadratic, 
linear  and  saturation.  It  is  interesting  to  note  that  the  transitions  between  the  different 
regimes  occurs  for  a  fixed  brightness  level,  not  fixed  pump  intensity. 


Figure  18.  Energy  of  visible  light  emitted  per  unit  volume  versus  incident  pump  intensity 
for  2  pulse  lengths. 

Similarly,  we  calculate  the  efficiency  as  defined  by  the  ratio  of  the  number  of 
photons  emitted  per  pulse  and  per  unit  volume  of  material  divided  by  the  number  of 
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pump  photons  absorbed  per  pulse  and  per  unit  volume  of  material.  The  efficiencies  for 
two  different  dwell  times  are  plotted  in  Fig.  19  along  with  the  efficiency  obtained  in  the 
static  case.  We  see  from  this  plot  that  increasing  the  pump  intensity  yields  better 
efficiencies  until  it  reaches  its  maximum.  This  maximum  occurs  at  higher  intensities  for 
shorter  pump  dwell  times. 


Figure  19.  Emission  efficiency  versus  infrared  pump  intensity  for  10  ms  dwell  time  (solid 
bold  curve),  10  (is  dwell  time  (dashed  bold  curve)  and  static  case  (thin  dashed  curve). 


Experiments  conducted  on  a  Yb,  Er:NYF  sample  showed  that  the  brightness  of 
the  green  emission  was  indeed  a  quadratic  function  of  the  incident  beam  intensity  in  the 
range  of  intensities  available  at  this  time.  This  gives  us  confidence  for  deriving  scaling 
laws  for  the  case  of  a  scanned  laser  pump  beam  in  the  quadratic  regime.  Assuming  a 
single  diode  laser  of  output  power  P  focussed  to  a  spot  of  diameter  d,  used  to  scan  a  total 
length  L  with  a  repetition  rate  RepRate,  we  find  that  the  brightness,  B,  is 


B  oe 


d 


Y 


I  d2  L  RepRate  J 


P2 

RepRate  =  — — - - 

d2L2  RepRate 


(ii) 


The  corresponding  efficiency  is: 

Efficiency^  - — -  (12) 

dL  RepRate 

Once  again,  for  the  brightness  levels  desired  in  a  display,  we  will  be  working  in  the 
quadratic  regime  of  our  material.  We  can  therefore  predict  that  the  efficiency  can  be 
increased  by  focussing  the  pump  beam  to  a  smaller  spot.  It  can  be  noted  that  this  study 
concerns  processes  in  which  two  energy  transfers  from  Yb  are  involved.  The  effect  of 
the  pump  intensity  (power  and  diameter)  on  the  blue  emission  from  other  dopant  ions 
should  be  even  stronger,  as  the  process  involves  three  energy  transfers  from  Yb  ions. 


We  have  modeled  the  effects  of  the  pump  intensity  and  duration  on  the  visible 
light  output  and  the  up-conversion  efficiency  for  optically  written  2D  displays.  The 
predictions  of  the  model  were  observed  experimentally.  The  up  conversion  efficiency 
depends  on  the  pump  intensity  and  knowing  the  relationship  allows  us  to  design 
improved  pumping  schemes  for  optically  written  2D  displays.  Using  the  scaling  law, 
with  the  material  and  focusing  geometry  currently  studied,  we  can  obtain  a  display  of 
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30  cm  x  30  cm  with  a  brightness  of  250  Cd/m2  and  a  resolution  of  1000  x  1000  using  210 
W  of  laser  diode  power.  This  corresponds  to  about  1.3  lm/W  .  The  scaling  rules  also 
show  that  this  result  could  be  improved  by  taking  a  few  additional  steps  (e.g.,  coatings, 
use  of  proper  pump  wavelength).  These  steps  along  with  proper  pixel  design  will  allow 
such  a  display  to  be  operated  with  only  15  W  of  pump  power.2 

This  area  of  our  research,  optically  written  2D  displays,  has  received  significant 
interest  from  industry.  We  are  in  discussion  with  Philips  Co.  to  commerciallize  this  type 
of  display.  We  are  working  with  a  company  whose  interest  arose  from  our  display  work 
but  wants  to  use  our  concepts  for  making  counterfiet  proof  marks  for  products.  NEOS 
Optical  Systems  has  taken  an  interest  in  using  our  optically  written  2D  display  technique 
to  improve  their  3D  display  based  on  displaying  laser  light  on  a  rotating  spiral.  We  have 
shown  them  that  they  can  convert  their  display’s  optics  and  lasers  to  one  laser  at  975  nm 
and  near  infrared  optics  while  coating  their  rotating  spiral  with  our  display  medium. 
They  will  then  have  a  much  brighter  (eg.  more  visible  in  a  lit  room)  3D  display.  NEOS 
has  donated  a  2D  acousto  optic  scanner  to  us  to  further  our  work.  In  addition,  several 
patents8  are  being  processed  to  provide  intellectual  property  protection  for  these 
university-industry  collaborations . 

Modulators  for  3D  displays 

A  no  moving  parts,  wide  angular  scan  range,  large  diameter  aperture  optical  beam 
scanner  with  ultrafast  nanosecond  scan  setting  speeds  is  a  desired  module  for  3-D 
displays.  Various  designs  for  optical  scanners  have  been  proposed  including  the  ones 
that  rely  on  the  use  of  one  or  more  moving  optical  components  such  as  mirrors  and 
polygons  in  combination  with  electronically  controlled  inertialess  optical  devices.  These 
scanner  technologies  have  limited  performance  and  thus  fail  to  satisfy  the  stringent 
requirements  of  the  desired  3-D  scanner.  For  instance,  acousto-optics  has  speed  but  is 
power  hungry  (>  1  W),  with  limited  angular  beam  scan  range.  Bulk  electro-optics 
requires  high  voltages  whereas  integrated  electro-optic  beam  steerers  have  small  aperture 
sizes  with  high  driving  voltage  requirements.  Recently,  optical  microelectromechanical 
systems  (MEMS)  using  micromirrors  offer  promise,  but  are  presently  limited  to  small 
apertures  (<  2  mm)  with  a  speed  versus  mirror  size  dilemma  due  to  the  inherent 
mechanical  inertia  of  these  mirror  components.  Similarly,  the  use  of  microlens  array  to 
form  a  scanner  is  again  limited  in  speed  due  to  the  mechanical  nature  of  the  beam 
scanning  method. 

A  novel  design  technology  called  Multiplexed  Optical  Scanner  Technology 
(MOST)  was  introduced  for  agile  beam  steering  that  promises  low  power  consumption 
and  true  rapid  three  dimensional  (3-D)  beam  forming  to  accurately  control  beam  position, 
power  and  shape.  The  free-space  Wavelength  Multiplexed  Optical  Scanner  (W-MOS)  is 
a  peer  member  of  the  MOST  family  and  has  been  the  focus  of  our  first  stage  study  for  3- 
D  scanners  for  displays.  The  scanner  gets  its  power  from  high-speed  wavelength 
selection  coupled  with  light  interaction  with  a  wavelength  dispersive  element  that  in  turn 


2  In  work  since  the  end  of  the  reporting  period  we  have  demonstrated  that  the  efficiencies  of  the  red,  green 
and  blue  emitters  are  in  the  range  of  several  per  cent  of  the  incident  power  when  using  the  proper  pump 
wavelength  and  waveform.  According  to  colleagues  at  Philips  Inc.  these  efficiencies  make  our  optically 
written  2  D  display  potentially  viable  for  commercialization. 
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leads  to  spatially  dispersed  beam  scanning.  This  scanner  has  the  potential  to  scan  at 
gigahertz  rates  using  present-day  state-of-the-art  nanosecond  tuning  speed  lasers.  The 
free-space  W-MOS  with  its  large  aperture  offers  high  scanning  resolution,  e.g.,  <  0.01° 
that  meets  the  stringent  requirement  for  wide  angle  display  systems.  In  this  section  we 
briefly  discuss  two  versions  of  the  free-space  W-MOS  design  and  describe  its  power  to 
deliver  wide  angular  scan  range  and  high  resolution,  all  at  nanosecond  scan  setting 
speeds.  The  complete  theory  for  the  W-MOS  has  been  described  in  Ref.  2.  The 
experimental  results  are  in  complete  agreement  with  the  theory  and  attest  to  the  simplicity 
and  functionality  of  our  proposed  novel  scanning  ultra  high  speed  optical  beam  scanner. 

Fig. 20  shows  the  two  versions  of  the  basic  structure  of  the  free-space  W-MOS.  Fig. 
20  (a)  shows  the  design  where  the  wavelength  selection  is  achieved  by  tuning  a  laser 
while  Fig.  20  (b)  shows  the  design  where  beam  scanning  is  achieved  by  selection  of 
wavelength  via  a  tunable  optical  filter  such  as  an  acousto-optic  tunable  filter  (AOTF) 
coupled  to  a  broadband  source.  In  both  cases,  very  high  speed  beam  scanning  can  be 
achieved  using  electronically  tuned  solid  state  lasers  and  filters  with  sub-microsecond 
response  time.  Light  from  the  tunable  source  is  collimated,  expanded  to  attain  high 
resolution  from  the  free-space  W-MOS  design,  and  strikes  a  wavelength  dispersive 
element  such  as  a  one-  dimensional  (1-D)  grating.  The  spherical  lenses  can  be  chosen  and 
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(e.g.,  holographic 
grating) 
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Figure  20.  Schematics  of  free-space  version  of  W-MOS  for  implementing  no  moving 
parts,  wide  angular  scan,  ultrahigh  speed  one  dimensional  (1-D)  optical  scanner  using  (a) 
a  tunable  laser  and  (b)  a  tunable  optical  filter  cascaded  with  a  broadband  source. 
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adjusted  such  the  minimum  beam  waist  of  the  collimated  light  is  at  the  grating  for 
maximum  diffraction  efficiency.  If  the  incident  collimated  beam  hits  the  grating  at  an 
angle  0mc,  the  mth  order  deflected  beam  is  in  the  direction  0  (m)  given  by 


0(m)  = 


sin 


(1) 


where  X  is  the  wavelength  of  the  beam  and  L  is  the  period  of  the  grating.  By  changing 
the  wavelength  via  electronic  control  of  the  tunable  source,  the  light  output  from  the 
scanner  moves  spatially  along  a  defined  axis,  creating  an  array  of  optical  dots  in  space. 
The  period  L  of  the  grating  can  be  chosen  such  that  there  is  only  one  dispersive  order  as  it 
would  be  the  desired  case  in  an  optimized  free-space  W-MOS. 

A  proof-of-concept  W-MOS  system  using  a  1-D  blazed  reflection  grating  (grating 
period  L  =  1/600  mm)  as  a  dispersive  element  was  setup  in  the  laboratory  using  a  fiber- 
coupled  mechanically  tuned  laser  with  a  80  nm  tunable  bandwidth  centered  at  1560  nm, 
as  shown  in  Fig.  21  (a).  Light  from  the  fiber  is  collimated  by  a  gradient  index  (GRIN)  rod 
lens  and  strikes  the  1-D  reflection  grating  mounted  on  a  rotational  stage  to  control  the 
angle  of  incidence  0inc.  An  infrared  (IR)  camera  is  used  to  observe  the  scanning  +1 
diffraction  order  when  the  wavelength  of  the  tunable  laser  is  changed.  The  angular 
deflection  is  measured  by  tracking  the  scanning  +1  diffraction  order  with  the  help  of  an 
iris  mounted  on  a  C-channel  with  one  end  attached  to  a  rotational  stage  having  the  same 
axis  of  rotation  as  that  for  the  reflection  grating.  The  grating  was  tilted  slightly  so  as  to 
adjust  the  incidence  angle  to  2.2°.  A  total  angular  scan  of  14.75°  was  measured  by  the 
tuning  the  wavelength  of  the  source  from  1520  nm  to  1600  nm.  Fig.  21  (b)  shows  that  the 
measured  scan  angle  is  in  complete  agreement  with  the  theoretical  angular  scan  given  by 
Eq.  (1).  These  results  attest  to  the  simplicity  and  functionality  of  our  proposed  novel 
scanning  ultrahigh  speed  optical  beam  scanner. 

We  have  successfully  designed  and  demonstrated  a  novel  wide  angular  scan 
range,  large  diameter  aperture  optical  beam  scanner  for  ultrafast  nanosecond  scan  setting 
speeds.  The  free-space  W-MOS  offers  powerful  scanner  features  in  a  compact  and 
simple  to  build  and  control  package  leading  to  potentially  wide  spread  use  of  this 
technology  for  3-D  displays.  The  present  1-D  scan  W-MOS  can  be  used  for  form  2-D 
raster  scanned  and  3-D  scanners  as  shown  in  Fig. 22. 
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Wavelength  of  the  Tunable  Source  (|_tm) 
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◄ -  7.2  mm  — ► 

(c) 


Fig  21  (a)  Theoretical  and  experimental  plots  for  the  scan  angle  ©versus  the  wavelength 
of  the  tunable  source,  measured  for  our  free-space  W-MOS  laboratory  setup,  (b)  Our 
laboratory  experimental  setup  to  validate  the  theoretical  angular  scan  range  numbers.  1: 

Tunable  Laser;  2:  Optical  Fiber;  3:  GRIN  Lens;  4:  Independent  Rotational  Stages;  5: 
Blazed  Reflection  Grating;  6:  Infrared  Camera;  7:  Iris;  8:  C-Channel.  (c)  Infrared  camera 
showing  one  dimensional  (1-D)  scanning  of  spots  and  their  corresponding  oscilloscope 
traces  for  beam  position  and  beam  quality. 
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-c- 

© 


:  Optical  Amplifier 
:  Circulator  f  or  Acquisition  Mode 


SMF:  Single  mode  fiber 
BFE:  Beamforming  element 


Fig. 22  W-MOS  forming  a  3-D  scanner  for  use  in  3-D  displays  for  3-D  excitation 

of  materials. 
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